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Caspase-1 Activity Is Required for UVB-Induced
Apoptosis of Human Keratinocytes
Gabriel Sollberger1, Gerhard E. Strittmatter1, Serena Grossi1, Martha Garstkiewicz1, Ulrich auf dem Keller2,
Lars E. French1 and Hans-Dietmar Beer1
Caspase-1 has a crucial role in innate immunity as the protease activates the proinflammatory cytokine
prointerleukin(IL)-1b. Furthermore, caspase-1 induces pyroptosis, a lytic form of cell death that supports
inflammation. Activation of caspase-1 occurs in multi-protein complexes termed inflammasomes, which assemble
upon sensing of stress signals. In the skin and in skin-derived keratinocytes, UVB irradiation induces
inflammasome-dependent IL-1 secretion and sunburn. Here we present evidence that caspase-1 and caspase-4
are required for UVB-induced apoptosis. In UVB-irradiated human primary keratinocytes, apoptosis occurs
significantly later than inflammasome activation but depends on caspase-1 activity. However, it proceeds
independently of inflammasome activation. By a proteomics approach, we identified the antiapoptotic Bap31
as a putative caspase-1 substrate. Caspase-1-dependent apoptosis is possibly a recent process in evolution as it
was not detected in mice. These results suggest a protective role of caspase-1 in keratinocytes during UVB-
induced skin cancer development through the induction of apoptosis.
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INTRODUCTION
The skin and particularly its outermost part, the epidermis,
represent the first line of defense against external insults (Fuchs
and Raghavan, 2002). The epidermis protects the body
through its multilayered structure of keratinocytes, which is
maintained by the balance between proliferation of basal cells
and apoptosis-like terminal differentiation in suprabasal layers.
Although stratification of the epidermis protects basal cells
very efficiently from the harmful UV radiation of sunlight, UV-
induced skin cancer strongly increased during the last decades
and represents the most frequent neoplasm (Ichihashi et al.,
2003; Matsumura and Ananthaswamy, 2004; Assefa et al.,
2005). It is believed that the medium wavelength UVB is the
most important carcinogenic spectrum of sunlight (Van
Laethem et al., 2009). Repeated UVB irradiation represents a
complete carcinogen, as it is able to induce DNA mutations,
as well as to promote subsequent tumor progression (Zhuang
et al., 2000). Carcinogenesis is further supported by UV-
induced immunosuppression, which is at least partially
mediated by emigration or cell death of epidermal dendritic
(Langerhans) cells and T cells (Ichihashi et al., 2003;
Maverakis et al., 2010).
Apoptosis of damaged keratinocytes antagonizes UV-
induced malignant transformation and thus is a protective
pathway. However, the molecular mechanisms underlying
UVB-induced apoptosis of keratinocytes are only poorly under-
stood (Van Laethem et al., 2009). Involvement of both the
intrinsic (mitochondrial) as well as the extrinsic (death receptor)
pathway of apoptosis have been described (Kulms and
Schwarz, 2000; Assefa et al., 2005; Van Laethem et al., 2009).
DNA represents the most important cellular chromophore
for UVB radiation and absorption causes DNA damage,
preferentially cyclobutane pyrimidine dimers and 6-4 photo-
products (Van Laethem et al., 2009). If DNA damages occur in
basal keratinocytes and are not repaired by the nucleotide
excision repair machinery, they may cause missense muta-
tions. UVB irradiation induces expression and activation of the
tumor suppressor p53 leading to cell cycle arrest, senescence,
or apoptosis. Surprisingly, a direct positive as well as a
negative involvement of p53 in UV-induced apoptosis is
discussed (Assefa et al., 2005; Mandinova et al., 2008; Van
Laethem et al., 2009).
UVB irradiation can induce sunburn, and this type of
inflammation requires expression of the protease caspase-1
in mice (Feldmeyer et al., 2007; Faustin and Reed, 2008).
Caspase-1 regulates inflammatory responses through the
proteolytic maturation of the proinflammatory cytokines
prointerleukin(IL)-1b and proIL-18 (Dinarello, 2009). In addi-
tion, the protease is required for the unconventional secretion
of IL-1b, IL-18, and other proinflammatory proteins such as
proIL-1a and HMGB1 (Keller et al., 2008; Lu et al., 2012). In
contrast to other caspases, caspase-1 is considered to be not
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involved in apoptosis but in a lytic form of cell death, termed
pyroptosis. Pyroptosis—but not apoptosis—enhances inflam-
mation in vivo by the release of intracellular components
(Bergsbaken et al., 2009; Miao et al., 2011). Similar to
apoptotic initiator caspases, which assemble in macro-
molecular complexes to become activated, caspase-1 is acti-
vated in innate immune complexes called inflammasomes
(Martinon et al., 2002). Assembly and activation of
inflammasomes occur upon sensing of different pathogen- or
danger-associated molecular patterns mainly in immune cells
such as dendritic cells and macrophages (Strowig et al., 2012),
as well as in keratinocytes (Feldmeyer et al., 2007; Watanabe
et al., 2007; Dombrowski et al., 2011).
Here we present evidence that in UVB-irradiated human
primary keratinocytes caspase-1 expression and activity are
required for apoptosis. Caspase-1-dependent apoptosis
depends on expression of caspase-4 but does not require
inflammasome activation. Downstream of caspase-1, we
identified the antiapoptotic protein Bap31, whose expression
level inversely correlates with apoptosis in UVB-irradiated
keratinocytes. These results establish a so-far unrecognized
function of caspase-1 in apoptosis and suggest a protective
role of the protease in UVB-induced skin cancer development.
RESULTS
UVB-induced inflammasome activation precedes apoptosis
Irradiation of human primary keratinocytes with a dose of
86.4 mJ cm2 broadband UVB—which corresponds to a 30-
minute stay in the sun at noon in Zurich/Switzerland during
summer—represents our cell culture model. We determined
the kinetics of inflammasome activation and apoptosis and
detected processed caspase-1 from 4 hours after irradiation in
the supernatant. After 8 hours, inflammasome activation most
likely stopped as the amounts of mature IL-1b, IL-18, and
processed caspase-1, as reflected by detection of its cleaved
CARD, did not further increase in the supernatant (Figure 1a
and b). We first detected apoptosis 12–16 hours after irradia-
tion reflected by the processing of the executioner caspase-3
(Figure 1a). The increase in the activity of the cytoplasmic
enzyme lactate dehydrogenase in the supernatant of keratino-
cytes after 16 hours (Figure 1c) most likely represents second-
ary necrosis of apoptotic cells, as at this time point the amount
of apoptotic cells strongly increased (Figure 1d and e and not
shown). These experiments demonstrate that UVB irradiation
induces inflammasome activation and apoptosis in keratino-
cytes. However, these processes occur successively with
cytokine processing preceding apoptosis.
Caspase-1 expression is required for UVB-induced apoptosis
UVB-irradiated keratinocytes release several proapoptotic
proteins such as caspase-3, Bid, Bad, and Bax in a caspase-
1-dependent manner (Figure 1a and Supplementary Figure S1
online). To test an involvement of caspase-1 in UVB-induced
apoptosis, we knocked down expression of the protease in
human primary keratinocytes and irradiated the cells with
UVB. Surprisingly, 24 hours after irradiation, cells with
reduced caspase-1 expression appeared much better com-
pared with control cells after staining the actin cytoskeleton
with phalloidin (Figure 2a). Quantification of apoptosis by
analyzing the percentage of cells staining positive for cleaved
caspase-3 or by quantification of the loss of mitochondrial
membrane potential confirmed a requirement of caspase-1 for
UVB-induced apoptosis (Figure 2b and c and Supplementary
Figure S2a online). Treatment with staurosporine or cisplatin
induced apoptosis, which occurred independently of caspase-
1 (Figure 2d and Supplementary Figure S2b online), demon-
strating that caspase-1-dependent apoptosis is specific for
UVB irradiation or at least for certain stimuli. A knock down
of caspase-1 expression in the human monocytic cell line
THP-1 also reduced the percentage of apoptotic cells upon
UVB irradiation, demonstrating that the involvement of
caspase-1 in UVB-induced apoptosis is not restricted to
keratinocytes (Figure 2e and Supplementary Figure S2c
online). As expected, a knock down of p53 expression
proil-1β
IL-1β p17
proil-18
IL-18 p18
caspase-1
caspase-1 card
caspase-4
Lysate Supernatant
caspase-9
caspase-3
cleaved caspase-3
β-Actin
0
a
b c
d e
84 12 16 20 24 24 0 84 12 16 20 24 24
UVB UVB
Time (h)
*
IL
-1
β r
e
le
as
e
(%
)
0 4 8 12 16 20 24 24Time (h)
UVB
0 4 8 12 16 20 24 24Time (h)
UVB
0
5
10
15
20
25
LD
H
 re
le
as
e
(%
)
0
20
40
60
80
An
ne
xi
n 
V
po
sit
ive
 (%
)
0 4 8 12 16 20 24 24Time (h)
UVB
0 4 8 12 16 20 24 24Time (h)
UVB
0
10
20
30
40
50
cl
ea
ve
d 
ca
sp
-3
po
sit
ive
 (%
)
60
0
20
40
60
80
Figure 1. UVB-induced inflammasome activation and apoptosis are
temporally separated. Human primary keratinocytes were irradiated with UVB
or mock-treated and analyzed at the indicated time points. (a) Western blots of
lysate and supernatant for analysis of expression and release of the indicated
proteins. The supernatants were concentrated by acetone precipitation. The
asterisk indicates the specific band. (b) Percentage of IL-1b release determined
by ELISA measurement of the cytokine in the supernatant and the lysate.
(c) Percentage of lactate dehydrogenase activity in the supernatant reflecting
cell lysis. (d) Percentage of cells with surface Annexin V-binding indicating
apoptosis determined by flow cytometry. (e) Percentage of cells positive for
cleaved caspase-3 reflecting apoptosis. Keratinocytes were fixed with PFA,
stained with an antibody against cleaved caspase-3, followed by a fluorescent
secondary antibody, and counted. Nuclei were stained with Hoechst.
(b–e) Error bars represent the mean±SD of a representative experiment
performed in triplicates. PFA, paraformaldehyde.
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reduced apoptosis, whereas a reduction of p63 rather
enhanced it (Supplementary Figure S2d and e online). As the
caspase-1 gene is a p63 target (Celardo et al., 2013), a knock
down of the latter blocked inflammasome activation. These
experiments demonstrate that caspase-1 expression is required
for UVB-induced apoptosis of human keratinocytes.
UVB-induced apoptosis is not reduced in murine keratinocytes
upon ablation of caspase-1
To test whether caspase-1 is also required for UVB-induced
apoptosis in mice, we isolated keratinocytes from mice
lacking expression of caspase-1 and from wild-type controls.
Surprisingly, the percentage of apoptotic keratinocytes on
irradiation was not reduced in caspase-1-deficient cells
(Figure 3a). In addition, we analyzed whether caspase-1 and
caspase-11 are required for UVB-induced apoptosis in the skin
of mice in vivo. However, also this experiment did not reveal
reduced apoptosis of keratinocytes in the absence of caspase-
1/-11 (Figure 3b). In contrast, treatment of human skin ex vivo
with the tetrapeptide inhibitor YVAD (Tyr-Val-Ala-Asp), which
blocks caspase-1, strongly reduced the percentage of apoptotic
keratinocytes upon UVB irradiation, confirming the cell culture
experiments with human keratinocytes (Figure 3c–f). As sun-
burn in mice depends on caspase-1 expression (Feldmeyer
et al., 2007), these results suggest that caspase-1-dependent
UVB-induced apoptosis developed later during evolution
compared with UVB-induced inflammasome activation.
Caspase-4 but not other inflammasome proteins is required for
UVB-induced apoptosis
Next, we investigated whether expression of other inflamma-
some proteins is required for UVB-induced apoptosis.
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Figure 2. Caspase-1 expression is required for UVB-induced apoptosis. (a–d) Human primary keratinocytes were transfected with siRNA against caspase-1.
Scrambled siRNA (ctr.) and a knock down of caspase-5 expression served as controls. After 48 hours, the cells were UVB-irradiated and analyzed 24 hours
later (a–c). (a) Cells were fixed and stained with phalloidin (binds to actin) and Hoechst (stains DNA, indicating nuclei). Bar ¼ 100mm. (b) Percentage of
cells positive for cleaved caspase-3 indicating apoptosis, determined by flow cytometry. Western blots for expression of caspase-1, cleavage of caspase-3,
and b-actin, the latter served as loading control. (c and d) Percentage of cells that lost their mitochondrial membrane potential, determined by flow cytometry.
(d) Keratinocytes were treated with staurosporine (0.5mM) and analyzed 24 hours later. (e) THP-1 cells with a stable shRNA-mediated knock down of
Lamin or caspase-1 expression (Sollberger et al., 2012), which were differentiated with 25 ng ml1 TPA overnight, were irradiated with UVB. Six hours later,
the percentage of cells positive for cleaved caspase-3 was determined by flow cytometry. (b–e) Error bars represent the mean±SD of a representative
experiment performed in triplicates. shRNA, short hairpin RNA; siRNA, small interfering RNA.
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Surprisingly, only a knock down of caspase-4 expression
strongly reduced apoptosis (Figure 4e and Supplementary
Figure S3a online), and this reduction was also detected at
lower doses of UVB (Supplementary Figure S2f online). In
contrast, transfection of small interfering RNA (siRNA) directed
against the inflammasome components NLRP1, NLRP3, ASC,
or AIM2 did not show an inhibiting effect (Figure 4a–d). This
was most likely not due to an inefficient knock down or off-
target effects of the siRNA oligos, as ASC and caspase-4
proteins were barely detectable on transfection of their
corresponding siRNAs (Figure 4d and e). In addition, IL-1b
secretion was completely blocked for all knock downs
(Supplementary Figure S3b, c, and e online and results not
shown). Extension of the duration of the knock downs or
concurrent knock down of NLRP1 and NLRP3 did not reveal a
dependency of UVB-induced apoptosis on NLRP1, NLRP3,
AIM2, or ASC expression either (results not shown and
Supplementary Figure S3f online). These experiments suggest
that caspase-1/-4-dependent apoptosis does not require
expression of other inflammasome proteins. In line with this
finding, UVB irradiation induced caspase-1-dependent apop-
tosis in THP-1 cells, whereas irradiation did not activate the
inflammasome in these cells (Supplementary Figure S2c
online). However, residual amounts of these proteins could
be sufficient to execute caspase-1/-4-dependent apoptosis. To
address this point by a different approach, we treated
keratinocytes with glybenclamide, which inhibits the NLRP3
inflammasome (Lamkanfi et al., 2009). As expected, the drug
completely prevented UVB-induced IL-1b secretion
(Supplementary Figure S3g online). However, inflammasome
inhibition by glybenclamide did not influence apoptosis
(Figure 4f) confirming the knock down experiments.
A critical role of intracellular Ca2þ in NLRP3 inflammasome
activation has been demonstrated in keratinocytes and other cell
types (Feldmeyer et al., 2007; Lee et al., 2012; Murakami et al.,
2012; Rossol et al., 2012). In addition, reactive oxygen species
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Figure 3. Caspase-1 expression is not required for UVB-induced apoptosis in mice. (a) Keratinocytes were isolated from mice lacking expression of caspase-1 and
from wild-type controls. After seeding, the cells were grown to 80–90% confluency, irradiated with UVB, and 24 hours later the percentage of apoptotic cells
positive for cleaved caspase-3 was determined by flow cytometry. (b) Mice lacking expression of caspase-1/caspase-11 and wild-type controls were shaved,
anesthetized, and UVB-irradiated. Twenty-four hours after irradiation, the skin was isolated, quick-frozen, and stained with an antibody against cleaved caspase-3.
The number of positive cells per mm epidermis was counted from n¼ 6 mice. (c–f) Human epidermis was incubated in a medium (DMEM) with DMSO
(0.1%) (c and d) or with the caspase-1 inhibitor YVAD (100mM, added 1 hour before irradiation and 8 hours after irradiation with a medium change) (e) and
irradiated with UVB (d and e) or mock-treated (c). After 24 hours, the skin was quick-frozen and stained with an antibody against cleaved caspase-3, followed
by a fluorescent secondary antibody. Nuclei were stained with Hoechst. The dashed line represents the basal membrane separating the epidermis from the
dermis. Bar ¼ 100mm. (f) Cells positive for cleaved caspase-3 were quantified by counting; strong and intermediate/low fluorescence signals are separately
shown. Error bars represent the mean±SD. The P-value in b was 0.132 as calculated by the Mann–Whitney test. YVAD, Tyr-Val-Ala-Asp.
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have been suggested to regulate the NLRP3 inflammasome
(Schroder and Tschopp, 2010). Inhibition of reactive oxygen
species by treatment of keratinocytes with pyrrolidinedithio-
carbamate completely abrogated UVB-induced IL-1b secretion,
activation of caspase-3, and led to a reduced number of
keratinocytes that lost their mitochondrial membrane potential
upon UVB irradiation (Figure 4g and Supplementary Figure S3i
online). Also treatment of cells with the cell-permeable Ca2þ
chelator BAPTA-AM inhibited UVB-induced IL-1b secretion and
apoptosis (Figure 4h and Supplementary Figure S3j online).
These experiments demonstrate that caspase-1 and -4
are required for UVB-induced apoptosis of keratinocytes.
Although the generation of reactive oxygen species and an
increase in the concentration of intracellular Ca2þ are
prerequisites for both UVB-induced inflammasome activation
and apoptosis, expression of other inflammasome proteins
seems to be dispensable for the latter pathway.
Caspase-1 activity is required for UVB-induced apoptosis
To test whether caspase-1 activity is required for UVB-induced
apoptosis, we first treated human primary keratinocytes with the
caspase-1 inhibitor YVAD or with the pan-caspase inhibitor
VAD before irradiation; treatment with staurosporine served as a
control (Figure 5a and b). VAD strongly reduced the percentage
of apoptotic keratinocytes in both experiments; however, YVAD
exerted an inhibiting effect only on irradiated cells.
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We then tested whether caspase-1 is active after inflam-
masome activation, when apoptosis takes place. Indeed,
treatment of keratinocytes with YVAD 8 hours after irradiation
was still able to reduce the fraction of apoptotic cells
(Figure 5c). Importantly, YVAD treatment did not influence
UVB-induced apoptosis in caspase-1 knock down keratino-
cytes but decreased UVB-induced apoptosis in NLRP3 knock
down cells, when applied 8 hours after irradiation. These cells
lack activation of caspase-1 in inflammasomes (Figure 5c),
suggesting again that the caspase-1 activity required for
UVB-induced apoptosis is generated independently of
inflammasomes.
Although we found caspase-1 processing after irradiation in
cell supernatants, we were not able to detect additional intra-
cellular processing of caspase-1 during apoptosis (Figure 1a
and results not shown). This does not exclude caspase-1
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activity as initiator caspases can be active without proteolytic
processing only through oligomerization in macromolecular
complexes (Li and Yuan, 2008; Pop and Salvesen, 2009). In
addition, it has been demonstrated that unprocessed caspase-1
is active during pyroptosis (Broz et al., 2010). Therefore, we
tried to detect active caspase-1 independently of its
processing. Twenty-four hours after irradiation, keratinocytes
were treated with biotinylated YVAD, which binds to active
caspase-1, incubated with FITC-coupled streptavidin, and
quantified by flow cytometry (Figure 5d). This experiment
revealed about 30% of YVAD-positive keratinocytes 24 hours
after irradiation. Importantly, the number of YVAD-positive
keratinocytes was strongly reduced upon a knock down of
caspase-1 expression but not upon a knock down of NLRP3
expression, demonstrating that caspase-1 activity 24 hours
after UVB irradiation in apoptosis does not require NLRP3-
dependent inflammasome activation.
However, YVAD blocks not only the activity of caspase-1
but also caspase-4 and -5 (Thornberry et al., 1997). Therefore,
we performed a rescue experiment in human primary
keratinocytes. We knocked down expression of caspase-1
and subsequently transduced inducible lentiviral constructs
encoding either GFP, wild-type caspase-1, or an enzyma-
tically inactive mutant. As expected, UVB irradiation induced
secretion of mature IL-1b in control cells (Figure 5e). Re-
expression of wild-type caspase-1 partially restored IL-1b
processing and secretion and, most importantly, resulted in
considerably more apoptosis than expression of the enzyma-
tically inactive mutant in caspase-1 knock down cells
(Figure 5e). This experiment demonstrates that caspase-1
activity is required for UVB-induced apoptosis of keratinocytes.
Bap31 is a downstream target of caspase-1
To identify the downstream targets of caspase-1 in apoptosis,
we analyzed cleavage fragments generated in a caspase-1-
dependent manner 20 hours after UVB irradiation. We used
the recently developed iTRAQ-TAILS (isobaric Tags for Rela-
tive and Absolute Quantitation-Terminal Amine Isotopic
Labeling of Substrates) approach (Kleifeld et al., 2010) and
quantitatively compared neo-N-termini in lysates from wild-
type and caspase-1 knock down keratinocytes. By extracting
caspase-type cleavage events with aspartate in P1 position, we
revealed a strong apoptotic response upon UVB irradiation,
which was reduced upon caspase-1 knock down
(Supplementary Figure S4 online). Interestingly, we identified
higher amounts of a cleaved peptide of Bap31 (B-cell
receptor-associated protein 31) in control cells compared with
caspase-1 knock down cells.
Bap31 is a transmembrane endoplasmic reticulum protein
and a known caspase-8 substrate with two caspase cleavage
sites. In vitro, Bap31 is also cleaved by caspase-1 but not by
caspase-3 (Ng et al., 1997). The full-length protein has
antiapoptotic activity, whereas the p20 fragment is supposed
to promote apoptosis by influencing the release of Ca2þ from
the endoplasmic reticulum to mitochondria (Breckenridge
et al., 2003; Iwasawa et al., 2011).
Bap31 was cleaved upon UVB irradiation of keratinocytes
at the time when apoptosis occurred (Figure 6a). Most
importantly, a knock down of caspase-1 expression abrogated
this cleavage confirming the proteomics results (Figure 6b).
Most likely, caspase-8 was not required for this cleavage, as a
knock down of its expression neither influenced UVB-induced
Bap31 processing nor apoptosis (Supplementary Figure S5b
online). In transfected COS-1 cells, Bap31 interacted with
caspase-1 and caspase-4 (Supplementary Figure S5e online).
Wild-type caspase-1 and caspase-4 but not enzymatically
inactive versions of the proteases were able to cleave Bap31
when overexpressed, whereas this cleavage was not observed
with a Bap31 version with mutated caspase recognition sites
(cleavage-resistant Bap31, Bap31 cr) (Figure 6c).
In contrast to published data (Breckenridge et al., 2003),
overexpression of the p20 fragment of Bap31 even for several
days was not able to induce apoptosis neither in keratinocytes
nor in COS-1 cells (Supplementary Figure S5c online and not
shown). However, UVB irradiation induced apoptosis faster in
Bap31 knock down keratinocytes than in control cells and was
detected already after 12 hours, confirming that full-length
Bap31 expression protects from apoptosis (Figure 6d). In
addition, when we transduced keratinocytes with a lentiviral
construct encoding Bap31, cells overexpressing Bap31 were
protected from UVB-induced apoptosis compared with con-
trol cells (Figure 6e).
Bap31 is most likely not the only target of caspase-1 in
UVB-induced apoptosis as caspase-1 knock down or inhibi-
tion protected UVB-irradiated Bap31 knock down cells from
apoptosis (Supplementary Figure S5d and f online). In addi-
tion, cleavage of Bap31 is a common event in apoptosis,
which seems not only to be dependent on caspase-1, -4, or -8
as it is also detected in staurosporine-treated keratinocytes
(Supplementary Figure S5a online).
DISCUSSION
Caspase-1 has a fundamental protective role in innate immu-
nity (Strowig et al., 2012). Upon activation, the protease
processes and activates proinflammatory cytokines and
causes pyroptosis, a lytic and—in contrast to apoptosis—
proinflammatory form of cell death (Bergsbaken et al.,
2009; Miao et al., 2011). Here, we found that UVB
irradiation, a well-known inducer of programed cell death,
induces caspase-1-dependent apoptosis of human primary
keratinocytes.
Irradiation of keratinocytes with a physiological dose of
UVB induces NLRP1/NLRP3 inflammasome-dependent IL-1b
secretion after about 4 hours (Feldmeyer et al., 2007) and
apoptosis at a later time point, when proIL-1b and -18
processing and secretion had already stopped (Figure 1a). It
has further been shown that pyroptosis proceeds indepen-
dently of apoptotic caspases (Bergsbaken et al., 2009),
whereas we found a high percentage of keratinocytes, which
were positive for the cleavage of the executioner caspase-3
on UVB irradiation (Figure 1e). We further confirmed this
apoptotic phenotype by annexin V/7-AAD staining (Figure 1d),
as well as by measuring the loss of mitochondrial membrane
potential (Figure 2c).
Although it is accepted that caspase-1 is not involved
in apoptosis (Bergsbaken et al., 2009; Miao et al., 2011;
G Sollberger et al.
UVB-Induced Apoptosis of Human Keratinocytes
www.jidonline.org 1401
Strowig et al., 2012), several publications suggest the
opposite (Kondo et al., 1996; Rowe et al., 2002;
Friedlander, 2003; Zhang et al., 2003; Syed et al., 2005;
Exline et al., 2014). A knock down of ASC, NLRP1, NLRP3,
and AIM2 expression prevented inflammasome activation;
however, these knockdowns did not reduce UVB-
induced apoptosis (Figures 4 and 5c). Although we cannot
exclude that residual amounts of these proteins are sufficient
for the activation of a small fraction of caspase-1, several
arguments contradict this assumption. If caspase-1 is indeed
activated by inflammasome assembly even in a knock down
situation, this should also result in the maturation of proIL-1b,
as the latter is the most important substrate of the protease (see
also below). However, such a processing could not be
detected. Furthermore, also inhibition of the NLRP3 inflam-
masome by glybenclamide did not inhibit UVB-induced
apoptosis, thereby confirming our knock down results
(Figure 4f).
Caspase-1 activity is required for UVB-induced apoptosis,
as apoptosis is rescued in caspase-1 knock down keratinocytes
upon overexpression of wild-type caspase-1 but not of an
enzymatically inactive mutant (Figure 5e). As caspases with a
long prodomain such as caspase-1, -8, or -9 are activated in
macromolecular complexes by interactions mediated by their
prodomains (Kaufmann and Hengartner, 2001), this suggests
the existence of a complex required for the activation of
caspase-1 in UVB-induced apoptosis.
Downstream of caspase-1 in apoptosis, we identified the
antiapoptotic endoplasmic reticulum membrane protein
Bap31. Overexpression (Figure 6c and d, Supplementary
Figure S5e online) and knock down (Figure 6f and
Supplementary Figure S5b online) experiments suggest that
caspase-1 and -4 rather than caspase-8 directly cleave Bap31
on UVB irradiation of human keratinocytes. Furthermore,
in vitro studies demonstrated that caspase-1 is able to directly
process Bap31 (Ng et al., 1997).
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Figure 6. Caspase-1-dependent cleavage of Bap31 is required for UVB-induced apoptosis. (a) Human primary keratinocytes were irradiated with UVB and
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The asterisks indicate the band for Bap31 p20. Same samples as in Figure 1a. (b) Human primary keratinocytes were transfected with siRNAs as indicated (ctr:
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(cleaved caspase-3 positive) expressing GFP or FLAG-Bap31. siRNA, small interfering RNA.
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Caspase-1-dependent apoptosis represents an at least par-
tially stimulus- and species-specific but not a cell type–specific
pathway (Figure 2d and e and Supplementary Figure S2b
online). In contrast to human primary keratinocytes, we did
not detect a reduction in UVB-induced apoptosis in murine
keratinocytes lacking expression of caspase-1 in vitro and
in vivo (Figure 3). Interestingly, sunburn in mice requires
expression of caspase-1 (Feldmeyer et al., 2007) and most
likely caspase-1 activity (Keller et al., 2009), suggesting that
caspase-1-dependent inflammation has developed before
caspase-1-dependent apoptosis. In contrast to mice, human
skin is directly exposed to the sun and therefore prone to
UVB-induced inflammation and skin cancer develop-
ment. The latter is antagonized by caspase-1-dependent
apoptosis, suggesting a role of caspase-1 as tumor
suppressor in humans but not in murine UVB-induced
carcinogenesis.
UVB irradiation of human keratinocytes induces inflamma-
some activation and apoptosis and both pathways require
expression and activity of caspase-1. An open and fascinating
question is which molecular mechanisms regulate the
upstream and downstream events of caspase-1 in these path-
ways, what the common factors are, and where the pathways
differ from each other. How is it possible that in UVB-
irradiated keratinocytes, caspase-1 cleaves proIL-1b and -18
early after irradiation but not Bap31 and some hours later
Bap31 but not the cytokines that are still present in high
amounts within the cell? Interestingly, we (Feldmeyer et al.,
2007; Keller et al., 2008; Keller et al., 2009; Sollberger et al.,
2012) and others (Guarda et al., 2011) detected a processing
of caspase-1 during inflammasome activation almost
exclusively in the supernatant. In addition, also active
IL-1b and -18 were found mainly outside the cell, suggesting
that caspase-1 and cytokine activation are linked to the
secretion process. This would explain why caspase-1
is not able to cleave and activate Bap31 early after
irradiation because the proteins are spatially separated with
active caspase-1 near the plasma membrane and Bap31 at the
endoplasmic reticulum membrane. It is tempting to
assume that activation of caspase-1 and -4 during apoptosis
also takes place in a—yet unknown—macromolecular com-
plex. It may also be that the substrate specificity of caspase-1
is determined by the complex required for activation of the
protease. Inflammasomes may favor cytokine processing,
whereas the unknown ‘‘apoptotic’’ complex would allow
the cleavage of Bap31. Interestingly, it has been recently
reported that in different cell types including keratinocytes
caspase-4 and -11 are activated independently of inflamma-
somes by LPS through a physical interaction with the latter
(Shi et al., 2014).
Beyond its fundamental function in innate immunity, our
results point to a role of caspase-1 as a tumor suppressor in
epidermal carcinogenesis as the protease is required for UVB-
induced apoptosis. A future task will be to unravel the
molecular mechanisms underlying the activation of caspase-
1 in UVB-induced apoptosis, to identify more targets of the
protease, and to understand what determines its substrate
specificity.
MATERIALS AND METHODS
Cell culture and irradiation of cells with UVB
Isolation and culture of human primary foreskin keratinocytes has
been described (Feldmeyer et al., 2007; Keller et al., 2008; Sollberger
et al., 2012). Briefly, human primary foreskin keratinocytes were
passaged in keratinocyte-SFM (Gibco, Gibco BRL, Paisley, Scotland),
supplemented with EGF and bovine pituitary extract (Gibco). Cells
were seeded for experiments in passage 3. For siRNA-mediated knock
down experiments, the cells were seeded in six-well plates at a
density of 1 105 cells per well. The day after seeding, cells were
transfected with siRNA oligonucleotides (10 nM, Sigma/Microsynth,
Munich, Germany) using 2ml Interferin (Polyplus, Illkirch, France) as
a transfection reagent and left for 48 hours. One hour before UVB
irradiation, the cell culture medium was changed, and the cells were
subsequently irradiated with a dose of 86.4 mJ cm 2 of UVB using a
UV 802 L lamp (Waldmann, Villingen-Schwenningen, Germany).
Cells were collected at the indicated time points of the respective
figures.
THP-1 monocytes were cultivated in RPMI-1640 (Gibco) supple-
mented with 10% FCS (Invitrogen, Basel, Switzerland) and 1%
antibiotics solution (Antibiotic–Antimycotic, Gibco) and puromycin
(5mg ml 1, Sigma) as a selection marker for the short hairpin RNA-
transduced cells. For UVB irradiation experiments, cells were seeded
in six-well plates at a density of 300,000 cells per well and
differentiated overnight for 3 days with 25 ng ml 1 TPA (Sigma).
One hour before irradiation, the medium was replaced with Opti-
MEM (Gibco), and the cells were irradiated with a dose of
86.4 mJ cm 2 of UVB using a UV 802 L lamp (Waldmann). Cells
were collected 6 hours after irradiation.
COS-1 cells were passaged in DMEM (Gibco) supplemented with
10% FCS and 1% antibiotic solution (Antibiotic–Antimycotic, Gibco).
Cells were seeded the day before transfection. Plasmid transfections
were performed in OptiMEM (Gibco) using Lipofectamine 2000
(Invitrogen) as transfection reagent.
HEK293T cells were passaged in DMEM supplemented with
10% FCS. For lentivirus production, cells were seeded in six-well
plates at a density of 7.5 105 per well and transfected the
next day in OptiMEM (Gibco). The transfection mix was set up in
OptiMEM (Gibco), containing 0.5mg psPAX2, 1.5mg pMD2 (both
provided by Professor Ju¨rg Tschopp), and 2mg of the plasmid
containing the gene of interest in 250ml volume. The other part of
the transfection mix contained 10ml Lipofectamine (Invitrogen) in
250ml volume. The two parts were mixed, incubated for 20 minutes
at room temperature, and gently pipetted onto the cells. The day after
transfection the medium was replaced with DMEM (supplemented
as described above), and 1 day later the supernatants containing
the lentiviruses were collected, centrifuged at 1,000 r.p.m. for
4 minutes, filtered using a 0.45-mm pore filter, and used for
transduction of cells.
Human biopsies
Human biopsies were collected with informed written consent upon
approval from Local Ethical Committees and were conducted accord-
ing to the Declaration of Helsinki Principles.
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